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located 6 to 15km from the downtown core. The mobile data included average PN concentrations 23 collected on 112 road segments from 10 study routes that were repeated on three separate days. 24
The mobile data was used to create the land-use regression model while the fixed sites were used 25 for validation purposes. The predictor variables that best described the spatial variation of PN 26 concentration (R 2 = 0.72, validated R 2 = 0.68) included population density within 300m, total 27 resource and industrial area within 1000m, total residential area within 3000m, and major 28 roadway and highway length within 3000m. The LUR model successfully predicted the 29 downwind from major sources such as expressways, major arterial roads and railroads were 121 visited. The maximum distance between the paired mobile measurements varied by route but 122 ranged between 0 and 6 km. Each route was followed on three separate days. 123 124
Instrumentation 125
Multiple particle sizing and counting instruments were deployed at the sites for the study 126 One-minute averaged data were extracted and hourly averages were calculated for hours with 133 more than 70% of the data availability. The FMPS used in this study was compared against two 134
Scanning Mobility Particle Sizers (SMPS) in Jeong and Evans (2009). While the FMPS and 135
SMPS instruments reported similar total PN concentrations, the shape of the particle size 136 distributions differed due to limitations in the FMPS inversion algorithm. In this study, the 137 empirical correction factors developed by Jeong and Evans (2009) were applied to the FMPS 138 size bins (8.06 to 93.1nm) to ensure equivalency between the FMPS and SMPS instruments. The 139 counting efficiency of the FMPS for size bins less than 8nm and greater than 300nm was low. To 140 ensure consistent results, only particles between 8 and 300nm were included in this study. Counter (Model 8285, TSI Incorporated, Shoreview, Minnesota, USA). The P-Trak measured the 154 total particle number concentrations (pt/cm3) for particles between 20 and 1000nm. The P-Trak 155
had an upper limit of 500,000 pt/cm3 and logged data at 10-second time resolution. The P-Trak 156 and FMPS exhibited good correlation for particles greater than 20nm when sampling 4m from a 157 major arterial roadway (slope=1.24, R 2 = 0.83). A slope of 1.0 between the FMPS and P-Trak 158 was observed for particles with diameters greater than 24nm suggesting that the size-cut off may 159 be slightly higher than the factory reported value of 20nm. Given this slope of 1.0, the P-Trak 160 data were used without any scaling. influences, measurements were collected on 15 weekday afternoons between 12:00 and 15:00. 174
Two study routes were walked simultaneously. Each sampler carried a GPS unit and log sheets 175 to record their position relative to street addresses and other local features at 1-minute intervals. 176
This manual position logging ensured that the sample locations were well defined in areas with 177 tall buildings. 178
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The midpoint on each visited road segment was identified and used as an average 180 position on the roadway (average road segment length = 430m; median = 330m). Routes that 181 followed the same road past multiple major arterial roads were divided into multiple segments at 182 the major arterial roads. The average UFP concentration was calculated for each road segment 183 and matched to the average position on the road. The resulting UFP samples were between 5 and 184 10 minutes long per road segment. The UFP concentration that was used to produce the LUR 185 model was a three visit average PN concentration for each road segment. 186 187
Central Site and Fixed Sites 188
A detailed description of the data treatment at the central site and fixed sites is available 189 4. This process was repeated 100,000 times to ensure that a representative distribution of all 211 possible combinations of the data was generated. 212 5. A probability distribution of simulated averages was obtained from the 100,000 averages 213 resulting from step 4 214 6. Based on the probability distribution from step 5, the likelihood that a simulated average 215 would be within ± 5%, 10%, … 95%, 100% of the overall average at each fixed site was 216 calculated 217 218
Geographical Variables 219
The UFP LUR was developed from the mobile measurement data using geographical and 220 socioeconomic data from multiple sources (Table 1) correlation with the measured pollutant than the highest ranked variable (< 2% difference), the 237 variable with the smallest buffer size was selected; 5) variables exhibiting correlation with the 238 highest ranked variable in each subcategory (Pearson's r>0.6) were removed; 6) all remaining9 variables were entered into a forward stepwise linear regression; 7) variables with insignificant t-240 statistics (p>0.05) were removed; 8) Steps 6 and 7 were repeated until convergence and variables 241 that contributed less than 1% to the R 2 were removed; 9) models were rejected if the signs (+/-) 242 of the regression coefficients were inconsistent with a priori assumptions (e.
UFP Concentration = intercept + β 1 X 1 + β 2 X 2 + β 3 X 3 + ... + β n X n + ε 248 where β is the coefficient for each predictor variable X and ε is the random error term. 
UFP Surface Generation 255
To create the UFP surface, 4000 random points separated by minimum distances of 200m were 256 generated within the city limits of Toronto. At each of the 4000 locations, the LUR model's 257 predictor variables were extracted and UFP concentrations were calculated using the LUR 258 model. Universal kriging was applied to the UFP concentration estimates resulting in a 259 representation of the UFP concentrations across Toronto. Maps were truncated to the maximum 260 measured PN concentration during the mobile phase of the study. 261 262
Results 263

Mobile Measurements 264
The average ± 95% confidence interval for major arterial (>20,000 vehicles per day) and 265 local roads (<2000 vehicles per day) for each neighbourhood are reported in Table 2 . In all 266 neighbourhoods, the mean PN concentration on major arterial roadways was higher than on local 267 roads (except Midtown 1, Route 1). The UFP concentration measured on downtown major 268 arterial roadways were often 3 to 5 times higher than those in residential areas. Further, major 269 arterial and local roadways located in downtown and mid-town neighbourhoods were 270 significantly higher than those located in areas away from the downtown core. 271 272
Method Validation: Selected Measurement Period 273
The average diurnal trend observed at the central site and six residential sites is presented 274 for weekdays in Figure 3 . The diurnal trend presented for the central site encompasses the entire 275 measurement period; however, the shape and magnitude were consistent even when truncated to 276 match the sampling periods of the individual residential sites. The downtown sites (A, B) had 277 similar diurnal behaviour as the central site, while the residential sites (C, D, E, F) exhibited 278 distinctly different behavior, presumably due to differing activities at the sites related to their 279 land use. Across the city, the minimum PN concentration occurred between 4:00 and 6:00 in the 280 morning. The initial increase in PN concentration between 6:00 and 9:00 corresponded to the 281 morning rush hour period. At most sites, the daily maximum PN concentration was observed 282 between 12:00 and 15:00. Although afternoon PN concentration peaks are often associated with 283 particle formation and growth events, simultaneous events of the same magnitude were not 284 observed at the residential sites. On some days, slight increases in PN concentration were 285 observed during the afternoon periods at the residential sites; however, the contribution of these 286 formation events to the overall PN concentration appears to be small. 287
288
The mobile measurements were collected between 12:00 and 15:00 (Figure 4) . At the 289 residential sites (C, D, E, and F), the PN concentrations were significantly lower than those 290 observed at the central site and sites A and B. These concentration differences were likely due to 291 different emissions profiles surrounding the monitoring sites. Further, the PN concentration 292 exhibited relatively stable behaviour between 12:00 and 15:00 (within 20%) suggesting that the 293 daily maximums have been reached and this period offers an opportunity to study the spatial 294 variation of UFP without the need to correct for diurnal variation. However, the resulting 295 predictive model likely overestimates the 24-hour average. 296 297
Method Validation: Sample Time 298
Each mobile route was followed on three separate days to capture a range of possible 299 conditions in each neighbourhood. The combination of mobile and fixed site monitoring enabled 300 better quantification of the uncertainties surrounding the mobile measurements. Using the Monte 301
Carlo simulation method described in the methods section, a probability distribution of averages 302 was obtained based on random subsamples from the fixed monitoring sites. The percent of 303 simulated averages that were within ± 5%, 10% ... 100% of the measured mean are presented in 304 Figure 4 for each field site. Notably, at the downtown sites (A, B), there exists high probability 305 (>90%) that the simulated means are within 30% of the measured PN concentration average. 306
However, at the residential sites, the probability that the simulated means were within 30% of the 307 measured PN concentration average was between 54 and 74%. 308 309 Table 3 The parameters included in the model were related to population density, dwelling density, 317 roadway length and resource and industrial activities. Two traffic related parameters were 318 included in the model: length of major arterial roadways and highways within 300m and within 319 300-3000m. In the initial development of stages of the LUR model, a single road length 320 parameter was included (3000m buffer); however, the PN concentrations on major arterial 321 roadways were consistently underestimated. Upon separating the two traffic-related terms, the 322 total model R 2 increased by 2% and the predictive power of the model for PN concentration data 323 
The UFP LUR Model 310
371
The need to optimize monitoring strategies to balance the competing needs of temporal 372 and spatial coverage to produce an UFP LUR is an ongoing challenge. This work applied a 373 mobile data collection strategy to produce an UFP LUR model. While each sampling route was 374 followed at the same time each day and on three separate days, the optimal sampling time and 375 number of repetitions was unknown a priori. Other studies have applied short duration data 376 collection strategies to produce UFP LUR models. Rivera The results from the Monte Carlo simulation are intended to provide guidance for future 387 mobile field study design. However, since the fixed site measurements were collected at the rear 388 of the study participants' homes, the impacts of traffic at these locations is likely lower than 389 those encountered while walking along roadways. The Monte Carlo simulation performed in this 390 study indicated that the downtown neighbourhoods were more likely to be within 30% of the 391 long-term average concentration (>90%) than the residential neighbourhoods (ranging from 54 to 392 74%). Although the variability at the residential sites (C, D, E, F) was considerably higher than 393 observed at the downtown sites (A, B), this simulation may represent a worst case scenario for 394 mobile studies. At the downtown sites, the traffic intensity is fairly constant. Consequently, when 395 measuring the PN concentration near the downtown core, the likelihood that an individual 396 measurement is skewed due to a local source is low because the source is continuous. In contrast, 397 at the residential sites, significantly fewer vehicles pass the monitoring sites. Since the flow of 398 vehicles is not continuous, these few vehicles have the ability to skew the PN concentration 399 upwards over short time horizons. When walking in the residential areas, times when trucks 400 passed the mobile samplers or times when lawn maintenance was occurring were recorded and 401 subsequently removed from the data set. Since an equivalent record is unavailable for the fixed 402 sites, intermittent sources may broaden the simulated probability distribution. As a result, the 403 likelihood that the measured PN concentration data fall within the 30% of the longer term 404 average is possibly higher than the simulated means suggest. characterized by a sudden increase in PN concentrations with diameters less than 25nm followed 417
